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We present frictional measurements involving controlled lateral manipulation of antimony nanoparticles on
graphite featuring atomically smooth particle-substrate interfaces via tapping- and contact-mode atomic force
microscopy. As expected from earlier studies, the power required for lateral manipulation as well as the frictional
forces recorded during the manipulation events exhibit a linear dependence on the contact area over a wide
size range from 2000 nm2 to 120 000 nm2. However, we observe a significant and abrupt increase in frictional
force and dissipated power per contact area at a value of about 20 000 nm2, coinciding with a phase transition
from amorphous to crystalline within the antimony particles. Our results suggest that variations in the structural
arrangement and stoichiometry of antimony oxide at the interface between the particles and the substrate may be
responsible for the observed effect.
DOI: 10.1103/PhysRevB.88.045422 PACS number(s): 68.35.Af, 68.35.Ct
I. INTRODUCTION
The ability to precisely predict and control macroscopic
frictional phenomena requires an accurate understanding of
the fundamental principles governing friction at the nanoscale.
For the last two decades, related experimental investigations1,2
have largely relied on the friction force microscope (FFM) as
an experimental tool.3 Based on the basic operating principle
of atomic force microscopy (AFM),4 the FFM allows the
recording of lateral forces during the sliding of a sharp tip on a
given sample surface, thereby providing important information
about the frictional properties of nanoscale single-asperity
contacts. To date, FFM has been extensively used to study
a large variety of different material classes, including layered
solid lubricants (e.g., graphite, molybdenum disulfide),5,6 ionic
crystals (KBr, NaCl),7,8 ferroelectric materials (triglycine sul-
fate, guanidinium aluminum sulfate hexahydrate),9,10 metals
(copper, gold),11 and a number of novel “designer mate-
rials” (graphene, hexagonal boron nitride);12,13 applications
also comprised measuring friction as a function of various
parameters (e.g., tip radius and shape, applied load, sliding
velocity, and temperature).5,14–19
Despite the considerable success of the FFM method
in observing fundamentally important effects such as stick-
slip,20–23 fricitonal anisotropy,9,24 and structural lubricity,25 it
inherently involves a number of significant limitations:26
(1) The contact area between the FFM tip and the sample
surface during the experiments is usually limited to a few
nanometers squared and cannot be changed siginificantly
through the variation of applied load. This severely degrades
the ability to study frictional force as a function of contact area
for a sufficiently wide range of contacts, limiting the extent of
conclusions that can be drawn from FFM experiments.
(2) Commercial AFM cantilever tips used as probes in FFM
experiments are made out of a very small number of materials
(e.g., silicon, silicon dioxide/nitride, diamond), while sample
materials can be freely chosen. This limits the number of
material combinations that can be investigated through FFM
experiments.
(3) As the precise characterization of the atomic structure
of tip apices is very difficult and their configurations may
change during experiments, obtained FFM results cannot
be correlated to specific interface structures, since it is a
priori unknown whether the surface area of the tip that is
actually in intimate contact with the sample during sliding is
amorphous/disordered (which is generally the case) or features
a certain level of crystallinity.
To overcome a majority of these limitations, Ritter et al.
and Dietzel et al. have pioneered a new approach in which the
AFM tip is used to laterally manipulate antimony (Sb) nanopar-
ticles, which have been thermally deposited on graphite
and MoS2, forming atomically smooth interfaces with their
substrates.27–31 Thus, experimentally observed contact areas
represent the real contact areas between the nanoparticles
and the substrate, eliminating the need to distinguish between
the apparent and real contact area, as it is usually the case
for typical interfaces involving multiple asperities.26 With the
exception of the occasional observation of virtually vanishing
friction due to structural lubricity under unusually clean
conditions (almost exclusively ultrahigh vacuum), recording
the lateral forces experienced by the AFM tip during the
manipulation events has revealed a linear dependence of
frictional force (Ff ) on nanoparticle-substrate contact area (A)
for the investigated size regimes (usually between 10 000 nm2
to >100 000 nm2).29,30 In addition, the power required to
laterally translate the nanoparticles (Ptip) has also been found
to depend linearly on A through the application of the so-called
tapping/dynamic mode of AFM.27
In this paper, we report nanomanipulation experiments that
include particles with contact areas as small as 2000 nm2. The
motivation for this range extension towards smaller particles
is twofold:
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(1) While previous experiments have revealed a strongly
linear dependence of Ptip on A for contact areas of about
10 000 nm2 and more, the extrapolation of the linear trend into
smaller contact sizes results in a negative Ptip value;27 further
clarification of the specifics of the friction-area dependency for
contact areas smaller than 10 000 nm2 is therefore necessary
for a full characterization of the frictional behavior.
(2) It has been reported that Sb nanoparticles undergo a
phase transition from amorphous to crystalline as their size
increases.32 The phase transition, which is accompanied by
a change of particle morphology from round and compact to
branched, has been confirmed through transmission electron
microscopy (TEM) measurements: While particles with con-
tact areas above 25 000 nm2 have been found to be almost
exclusively crystalline, particles with contact areas below
15 000 nm2 are amorphous and spherical.32 Based on the
very small number of investigated particles with contact areas
smaller than 15 000 nm2 in previous studies, it is expected
that experiments aimed at this size regime would provide new
insights regarding the effect of particle structure on friction in
nanomanipulation experiments.
II. EXPERIMENTAL
For the experiments, sample systems consisting of
Sb nanoparticles thermally evaporated on graphite have been
prepared. The antimony was vapor deposited onto a freshly
cleaved graphite (0001) surface in ultrahigh vacuum chambers
with base pressures of less than 6 × 10−10 mbar. Deposition
parameters were chosen such that particles with a large variety
of contact areas were formed on the sample surface, while
maintaining conditions that were designed to reproduce the
earlier described structural amorphous-crystalline transition
at around 15 000–25 000 nm2 particle size. The AFM imaging
and nanomanipulation experiments as a function of A were
performed under ambient conditions. A typical AFM image
of the sample surface and an individual translation event are
illustrated in Fig. 1.
FIG. 1. (a) AFM image of a typical sample system consisting
of antimony nanoparticles on a graphite substrate. The preparation
conditions were chosen to produce particles of different sizes. The
image demonstrates that smaller islands are round shaped, while
larger ones are branched. (b) AFM image illustrating a typical
nanomanipulation event in contact mode. The particle on the top
left appears cut, as it is moved to the right by the AFM tip within the
scan line indicated by the white arrow. The antimony particle on the
top right prevents the translated particle from moving further to
the right.
Great care has been taken to ensure reproducibility of
the obtained data. Samples were produced in two different
ultrahigh vacuum systems and analyzed using a home-built
AFM33,34 in dynamic mode, as well as a commercially avail-
able AFM (Nanoscope Multimode AFM with Nanoscope III
electronics by Bruker Corporation) operating in contact mode.
The exact experimental procedures have been described in
detail earlier;27,28,31 here, we will review them only briefly.
In dynamic-mode manipulation of Sb nanoparticles, the
cantilever attached to the tip is oscillated at its resonance
frequency and taps the surface during imaging, transferring
a certain amount of power to the sample. As the excitation
amplitude is increased, while the tip is in the vicinity
of an antimony particle, the amount of power transmitted
to the particle by the tip increases, and when it passes
a threshold value, the particle moves. The threshold power
Ptip that is needed for nanomanipulation, which has been
found to depend linearly on frictional force through theoretical
modeling,35 can be recorded for particles of different size,
and a relation between Ptip and A may be formed. On the
other hand, contact-mode AFM has been used to laterally
translate Sb nanoparticles by pushing them with the probe
tip along a line passing through their center of mass. The
recording of the lateral force experienced by the AFM tip
during translation allows the direct study of the frictional
resistance between specific nanoparticles and the substrate.
Similar to the dynamic-mode manipulation, the applied load
on the tip is incrementally increased until a translation event
occurs. The lateral force value recorded during translation at
this threshold load represents then the kinetic frictional force
Ff for that specific particle.36 It is important to point out that
during all manipulation experiments, scanning directions and
tip-particle contact points are chosen with respect to the center
of mass of specific particles to avoid rotational motion during
translation, in accordance with previous work.27,28 Schematics
describing the basic principles of the two approaches, as well
as recorded topography, power dissipation, and frictional force
values during actual nanomanipulation events are displayed in
Fig. 2.
III. RESULTS AND DISCUSSION
The dependence of Ptip and Ff on A during controlled
nanomanipulation events is illustrated in Fig. 3 for contact
areas ranging between 2000 nm2 to 110 000 nm2 [Fig. 3(a)]
and 2000 nm2 to 58 000 nm2 [Fig. 3(b)]. While previous
studies conducted on nanoparticles with a minimum particle
size of about 10 000 nm2 have revealed a unique linear
dependence between the respective quantities over the whole
size range, such an overall linear relationship cannot be fitted
for the whole data range covered in this study. Rather, two
separate linear regimes can be defined for (i) clearly round
and compact particles with contact areas of 16 000 nm2 and
below and (ii) clearly branched particles with contact areas of
25 000 nm2 and above. While there are several (presumably
partially crystalline) particles around the transition region
of 16 000 nm2 to 25 000 nm2 that do not clearly belong to
either linear regime, this does not affect the two linear trends
observed sufficiently away from the transition region. For
experiments conducted with dynamic-mode AFM [Fig. 3(a)],
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FIG. 2. (Color online) (a) Illustration of the two different ap-
proaches for moving particles on the substrate surface used in this
work. In the dynamic mode, the lateral force that eventually causes
the particle to slide sidewards is created by the vertical movement
of the tip’s sloped sides; the power dissipated during the particle’s
translation is taken as characterizing the frictional loss (Ref. 35). In
contrast, the tip is used to push islands from the side in contact mode,
resulting in a detectable twisting of the cantilever that is proportional
to the frictional resistance of the particle. (b) Topography (z) and
dissipated power (Ptip) signals recorded before, during, and after a
translation event. As the topography line scan (black) indicates, the
particle on the left moves ≈130 nm to the right through a ≈0.25-nW
increase in power dissipation (red). (c) Topography (z) and frictional
force (Ff ) signals recorded before, during, and after a translation
event. As the topography line scan (black) indicates, the particle on
the left moves ≈140 nm to the right, while a frictional force (Ff ) of
about 300 nN is measured during the translation event (red).
we have found that Ptip = (0.006 ± 0.022) nW +A ·
(8 ± 2)/106 nW/nm2 for (i) and Ptip = (−0.5 ±
0.1) nW +A · (25 ± 2)/106 nW/nm2 for (ii). For experiments
FIG. 3. (Color online) Figure illustrating the dependence of
dissipated power (Ptip) and frictional force (Ff ) on contact area (A)
for Sb particles of different sizes on a graphite substrate. (a) The
dependence of Ptip on A involves two distinct linear regimes: Round
and compact particles featuring contact areas smaller than 16 000 nm2
exhibit roughly three times less power dissipation per contact area
than larger, branched particles having contact areas above 25 000 nm2.
(b) The dependence of Ff on A shows a very similar trend, as
frictional force per contact-area values are roughly three times
smaller for round particles with A < 16 000 nm2 when compared
with branched particles having A > 25 000 nm2.
conducted with contact-mode AFM [Fig. 3(b)], similar fits
result in Ff = (77 ± 42) nN +A · (0.014 ± 0.003) nN/nm2
for (i) and Ff = (−51 ± 74) nN +A · (0.040 ± 0.001)
nN/nm2 for (ii). For both approaches, a significant increase
in frictional force and power dissipation per contact area
occurs around a particle size of about 20 000 nm2, with
the slopes of linear fits for the two regions (proportionality
constants) differing by roughly the same factor of three. This
reproducibility corroborates the validity of the observed effect.
As a starting point for our discussion on the likely origins
of this sudden and dramatic increase in frictional force and
power dissipation per contact area, we recall that earlier work
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revealed a size-dependent phase transition of Sb nanoparticles,
driven by an interplay of thermodynamic and kinetic processes
and involving a change of particle morphology from round
to branched as well as a structural change from amorphous
to crystalline, around the exact particle size where we find
the nonuniformity in linear behavior.32 A structural analysis
by TEM confirms such a phase transition also exists for
our present samples. Type (i) particles (A < 16 000 nm2)
only show a diffuse mass thickness contrast in plane-view
FIG. 4. TEM images of small, round, and amorphous antimony
nanoparticles (left column), as well as larger antimony nanoparticles
that are branched and crystalline (right column). Panels (a) and
(b) show plane-view bright-field TEM images of amorphous and
crystalline particles, respectively. While the particles on the left
exhibit a mass thickness contrast pointing to an amorphous structure,
TEM images of particles on the right feature dark contour lines,
indicating crystallinity. Additionally, the magnified insets reveal that
the particles are covered by an amorphous shell. Panels (c) and
(d) each show cross-sectional bright-field TEM images, establishing
that the particles are enclosed by the amorphous shell on all sides,
including the side that is contacting the graphite substrate. Finally,
(e) and (f) display high-resolution TEM images of the two particle
types, demonstrating that the larger particles indeed have a crystalline
core with an ordered atomic configuration, while the smaller ones are
amorphous. Additionally, the amorphous character of the shell is
confirmed through these high-resolution TEM images.
bright-field TEM images [Fig. 4(a)] and no indication of
crystallinity based on the selected area diffraction and conver-
gent beam diffraction studies, thus pointing to an amorphous
structure. On the other hand, the branched particles of type (ii)
(A > 25 000 nm2) produce dark contour lines in bright-field
TEM images [Fig. 4(b)], which are identified as bending
contours and are clear indicators of crystallinity. However,
in order to form a clear connection between nanoparticle
structure and frictional behavior, a further aspect needs to
be considered: As nanomanipulation experiments described
in this paper are performed under ambient conditions for
extended amounts of time, it is reasonable to expect that the
Sb particles will be covered by an amorphous antimony oxide
layer.30 This expectation is again confirmed by TEM images,
where the oxide layer can be distinguished as a light grey shell
around the nanoparticles in the insets of Figs. 4(a) and 4(b)
and the cross-sectional TEM images of Figs. 4(c) and 4(d).
In addition, the high-magnification TEM images displayed
in Figs. 4(e) and 4(f) provide further proof for the existence
of an amorphous oxide shell around the Sb particles, which
feature amorphous cores for particles of type (i) [Fig. 4(e)] and
crystalline cores for particles of type (ii) [Fig. 4(f)].
With this knowledge, we can now discuss various scenarios
that may explain the nonuniformity in frictional behavior.
First, one could assume that the amorphous oxide layers for
both particle types (i) and (ii) are chemically and structurally
identical, since they are both formed by the oxidiation of pure
antimony; this would imply that they must have matching
frictional behavior, too. In this case, we have three options,
as discussed in the following. First, we hypothesize that the
bulk structure of the particles plays the dominant role in
determining frictional behavior. This is, however, improbable,
as the concept of lubrication is based on the supposition
that even a monomolecular interface layer may completely
shield adverse frictional properties of sliding surfaces. Using
a similar argument, the effect of a potential variation in
the average oxide layer thickness between crystalline and
amorphous particles can be excluded as the main reason for
the difference in frictional behavior In contrast, option two
takes into account the change in the shape of the particles. For
this scenario, we postulate that molecules that are naturally
adsorbed under ambient conditions on the graphite surface
become increasingly trapped in pockets at the circumference
of the particles that form between individual branches of
the larger crystalline samples. In accordance with previous
theoretical work, such dirt molecules would then be expected
to affect frictional behavior.37–39 While this effect may be
contributing, it would be surprising if it could fully explain
the observed threefold increase in frictional resistance, as
this increase is so remarkably high that one would assume
the physical origin to be quite distinct. Finally, option three
would also consider the change in the shape of the particles
but attempt to correlate the length of the circumference with
friction. However, as discussed in an earlier publication,30
increases in the total length of a particle’s circumference in
its branched state are only modest compared to a perfectly
round particle of the same contact area, rendering this option
unlikely as well.
With previous scenarios being insufficient at best, we must
change our main assumption about the identity of the oxide
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layers for type (i) and type (ii) particles, which would then
naturally lead to varying frictional behavior between the two
particle types. Such differences in the surface layers are, in fact,
likely and can be explained by structural and/or stoichiometric
variations between the type of antimony oxide that grows on
amorphous particles and the one that grows on crystalline
particles. Variations in structure and/or stoichiometry would
alter the atomic-scale surface potential of antimony oxide, thus
leading to differences in frictional behavior, because nanoscale
friction between two surfaces in dry contact is determined
by the characteristics of the involved surface potentials. In
addition, the possibility that the antimony oxide layers that
grow on crystalline and amorphous particles may feature
different levels of atomic roughness needs to be considered,
thereby taking into account that recent theoretical efforts have
revealed that this interfacial property significantly influences
frictional behavior on the nanoscale.40 The fact that antimony
oxide occurs in several different forms with fundamentally
different stoichiometric compositions (such as Sb2O3, Sb2O4,
and Sb2O5) further corroborates the presumed validity of
this scenario.41 If true, these findings lead to the interesting
consequence that thin amorphous layers formed by oxidation
from the same pure metal at identical ambient conditions may
still exhibit significantly different surface properties in terms
of structure and chemistry.
IV. CONCLUSIONS
In this paper, we presented an experimental investigation of
the contact area dependence of frictional properties associated
with antimony nanoparticles on graphite over a wide size range
from 2000 nm2 to 120 000 nm2, with nanomanipulation ex-
periments conducted using dynamic- and contact-mode AFM
approaches revealing linear dependencies of threshold power
dissipation and frictional force on contact area. However,
both the required power for particle movement, as well as
the associated frictional forces per contact area, have been
found to increase by a factor of three around a particle size
of about 20 000 nm2, simultaneously with a phase transition
from amorphous to crystalline within the particles. Varia-
tions in the stoichiometric composition and structure of the
amorphous oxide layer covering the two types of Sb particles
are hypothesized to be mainly responsible for this dramatic
difference in their frictional properties. It must be emphasized
that while it is beyond the scope of this work to pinpoint a
specific mechanism as the definite reason for the noteworthy
experimental observation reported here, differences induced in
the atomic-scale surface potential of antimony oxide surfaces
on amorphous and crystalline nanoparticles through structural
and/or stoichiometric variations would certainly result in
differing frictional behavior. Regardless of the exact physical
mechanisms involved, the presented results are expected to
lead to further experimental and theoretical investigations
of the effect of interfacial properties on friction at the
nanoscale.
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